It has been suggested that relic long-lived strongly interacting massive particles (SIMPs, or X particles) existed in the early universe. We study effects of such long-lived unstable SIMPs on big bang nucleosynthesis (BBN) assuming that such particles existed during the BBN epoch, but then decayed long before they could be detected. The interaction strength between an X particle and a nucleon is assumed to be similar to that between nucleons. We then calculate BBN in the presence of the unstable neutral charged X 0 particles taking into account the capture of X 0 particles by nuclei to form X-nuclei. We also study the nuclear reactions and beta decays of X-nuclei. We find that SIMPs form bound states with normal nuclei during a relatively early epoch of BBN. This leads to the production of heavy elements which remain attached to them. Constraints on the abundance of X 0 particles during BBN are derived from observationally inferred limits on the primordial light element abundances. Particle models which predict long-lived colored particles with lifetimes longer than ∼ 200 s are rejected based upon these constraints.
It has been suggested that relic long-lived strongly interacting massive particles (SIMPs, or X particles) existed in the early universe. We study effects of such long-lived unstable SIMPs on big bang nucleosynthesis (BBN) assuming that such particles existed during the BBN epoch, but then decayed long before they could be detected. The interaction strength between an X particle and a nucleon is assumed to be similar to that between nucleons. We then calculate BBN in the presence of the unstable neutral charged X 0 particles taking into account the capture of X 0 particles by nuclei to form X-nuclei. We also study the nuclear reactions and beta decays of X-nuclei. We find that SIMPs form bound states with normal nuclei during a relatively early epoch of BBN. This leads to the production of heavy elements which remain attached to them. Constraints on the abundance of X 0 particles during BBN are derived from observationally inferred limits on the primordial light element abundances. Particle models which predict long-lived colored particles with lifetimes longer than ∼ 200 s are rejected based upon these constraints. 
I. INTRODUCTION
There has been considerable recent work on the effects of decay or annihilation of exotic particles on light element abundances [1, 2, 3, 4, 5, 6, 7, 8, 9] . Since standard big bang nucleosynthesis (BBN) predictions of light element abundances are more or less consistent with observations, changes of abundances relative to those of the standard BBN cannot be large. This makes it possible to constrain theories beyond the standard model through their consistency with observed light element abundances. Moreover the decay process of massive particles might change the lithium abundances providing a solution to the lithium problems. Recent studies suggest that radiative decay could lead to the production of 6 Li to the level at most ∼ 10 times larger than that observed in metal-poor halo stars (MPHSs) when the decay life is of the order of ∼ 10 8 − 10 12 s [9] , and the hadronic decay can be a solution of both the lithium problems although that case gives a somewhat elevated deuterium abundance [3, 8] .
The possibility of the existence of heavy (m ≫ 1 GeV) long-lived color flavored particles has been discussed in scenarios of split supersymmetry [10, 11] , and weak scale supersymmetry with a long-lived gluino [12] or * kusakabe@icrr.u-tokyo.ac.jp † Research Fellow of the Japan Society for the Promotion of Science ‡ Present address: Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, 277-8582, Japan § Present address: Department of Astronomy, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan squark [13] as the next-to-lightest supersymmetric particles. Those heavy partons would be confined at temperature below the deconfinement temperature T C ∼ 180 MeV inside exotic heavy hadrons, i.e., strongly interacting massive particles (SIMPs) [14] . Under the assumption that the X particles are in statistical equilibrium with the thermal background in the early universe, Kang et al. [14] estimated a relic abundance of those hadrons based upon a comparison between their annihilation rate and the Hubble expansion rate. In this way the estimated relic abundance can be written 
where N X is the number density of the X particles, and s = 2π 2 g * s T 3 /45 is the entropy density with g * s ∼ 10 the total number of effective massless degrees of freedom [15] just below the QCD phase transition. T is the temperature of the expanding universe, R is the effective radius for annihilation of the X particles (R ∼ GeV −1 ), T B is the temperature at which the X-particles are formed, and m is the mass (m ≫ 1 GeV) of the heavy longlived colored particles. This relic density corresponds to a number fraction of Y X ≡ N X /n b ∼ 10 −8 (2) where n b is the number density of baryons. We therefore assume the existence of the long-lived heavy hadronic particle X and study effects of such particles on BBN.
Experimental constraints on hypothetical SIMPs have been delineated in [16, 17, 18] . The effect of new neutral stable hadrons on BBN was studied in [19] . They assumed that the strong force between a nucleon and a stable hadron is similar to that between a nucleon and a Λ hyperon and that most new hadrons end up in a bound state of 4 He plus the hadron after BBN. The result of their analytical calculation showed that the stable hadrons would be preferentially locked into beryllium. In other words, beryllium has the largest fraction A X /A of bound states with the hadrons among the light elements produced in BBN, where the A and A X represent a nuclide A and a bound state of A with a hadron X. Mohapatra and Teplitz [20] estimated the cross section for an X to be captured by 4 He and claimed that the fraction of hadronic X particles captured by 4 He nuclei is smaller than that assumed in [19] . Therefore a large fraction of free X particles would not become bound into light nuclides.
In this paper we carry out a consistent calculation of BBN in the presence of a hypothetical long-lived SIMP X 0 of charge zero assuming that the X 0 nucleon interaction is of a similar strength to that between two nucleons. Binding energies of bound states of X-particles and nuclei, which we call X-nuclei, are estimated. Rates for X capture by nuclides, as well as the nuclear reactions and β decay rates of X-nuclei are also estimated. We calculate BBN including the X 0 particles as a new species taking account of many reactions related to X 0 particles in a network calculation, and study the effects of X 0 particles on BBN. In Sec. II assumptions regarding the X particle, estimations for binding energies of X-nuclei and various reaction rates are described. In Sec. III results of the network calculations are shown, and the constraints on parameters of the X 0 are derived from a comparison with observed primordial light element abundances. Conclusions of this work are summarized in Sec IV.
II. MODEL
We have added the X particles and relevant X-nuclei A X as new species. Their reactions have been added to the BBN network code of Refs. [21, 22] . Nuclear reaction rates for the standard BBN have been replaced with new rates published in Ref. [23] and the adopted neutron lifetime is τ n = 881.9 s [24] . Both proton and neutron captures and other nuclear reactions of X-nuclei are taken into account. We have modified most of the thermonuclear reaction rates on the X-nuclei from the original rates (without X-nuclei). Binding energies between nuclei and X particles are of order ∼ 10 MeV. They are larger than those between a nucleus and massive particles which only interact electromagnetically of ∼ 0.1 − 1 MeV [25] . Hence, X particles lead to significant changes in reaction Q-values for reactions involving X-nuclei. Three possible effects of the binding of the X particles are: 1) changes in the Coulomb barriers resulting from the charge (if any) of the X particle in the nucleus; 2) modified reduced masses; and most importantly, 3) the modified Q-values.
A. Properties of the X Particle The X 0 particle is assumed to be hadronic and to have zero electric charge and zero spin. Its mass is assumed to be much larger than the nucleon mass. We note that X + particles may also be present during BBN. Unlike the leptonic X + case, they could have a strong interaction with nuclei. However, there exists Coulomb repulsion leading to a certain degree of suppression of their reaction rates. Nevertheless, X + particles should eventually be included though we neglect them in the present investigation. Also, in this study, the nonthermal nucleosynthesis triggered by the later electromagnetic and/or hadronic decay is not studied. These effects will be addressed in a future publication. For now, however, as a first step we focus only on the effects of X 0 particles on BBN.
B. Nuclear Binding Energies
The nucleosynthesis of X-nuclei is strongly dependent upon their binding energies. In our calculations, binding energies and eigenstate wave functions of X-nuclei are computed taking into account the nuclear interaction and Coulomb interaction between the nucleus and the X particle. We assume that the potential is spherically symmetric. We then solve the two-body Shrödinger equation by a variational calculation (using the Gaussian expansion method [26] ) to obtain binding energies.
The two-body Shrödinger equation for a sphericallysymmetric system is
whereh is Planck's constant, µ is the reduced mass, V (r) is the central potential at r, E is the energy, and ψ(r) is the wave function at r. Under the assumption that the X particle is much heavier than the light nuclides, µ is approximately given by the mass of the nuclide now considered. The central potential V (r) is composed of a nuclear interaction V N (r) and a Coulomb interaction V C (r), i.e.,
For the Coulomb potential, we assume that the charge distributions of the nuclei are Gaussian. We then use the charge radii determined from experiments of the corresponding nuclei (or neighboring nuclei when experimental data are not available). Here, we write
where Z A e and Z X e are the charges of nuclide A and X, respectively. The parameter r 0 is related to the mean square charge radius r 2 c
1/2 , and erf(x) = (2/ √ π)
x 0 exp(−t 2 )dt. The X particle nucleon potential adopted here is assumed to be a square well of radius 2.5 fm and of depth of −25.5 MeV. This potential reproduces the binding energy of the deuteron i.e., 2.224 MeV. A Woods-Saxon potential is adopted for the nuclear potential between other nuclei and the X-particles, i.e.,
where the parameters are taken to be V 0 = 50 MeV, a = 0.6 fm and R = r 2 m 1/2 . The mean square matter radii for nuclei, r 2 m 1/2 , are taken from experiments of corresponding or neighboring nuclei. As a special case, the binding energy of two protons and an X particle system, i.e., pp X , in a 1s orbit, is calculated with the same nuclear potential for the p X and p system as that adopted for the estimation of the binding energy of 2 H and an X. The adopted radii and obtained binding energies are listed in Table I . Binding energies in the case of neutral X 0 , negatively-charged X − and positively-charged X + particles are shown in columns 6, 7 and 8, respectively. The adopted root mean square (RMS) nuclear matter radii and their references are listed in columns 2 and 3. RMS charge radii and their references are shown in columns 4 and 5. Since the X particles are bound strongly to nuclei, their binding energies are typically large (∼ 10 MeV), and are even larger for heavier nuclei. Hence, they are bound to nuclei from early in the BBN epoch. We note that their binding energies would be smaller (∼ 0.1 − 1 MeV) if they could only bind electromagnetically to nuclei. In that case they would not be bound to nuclei until low temperature (T 9 ≡ T /(10 9 K) < ∼ 0.3). The obtained binding energies are used for the estimation of Q-values of various reactions as described below.
C. Reaction Rates

Radiative X Capture Reactions
We assume that the rates of radiative neutral X 0 capture reactions by nuclei are roughly given by those of radiative neutron capture reactions by the nuclides or neighboring nuclides (if there are no corresponding data). This assumption is introduced because we suppose that the X particles interact as strongly as normal nucleons. We correct the reduced mass and net charge for reactions involving X particles using the equations written below [Eqs. (7), (8) ]. The adopted reaction rates N A σv , per second per mole cm −3 , are shown in Table II , where N A is Avogadro's number. Reaction Q-values are derived taking account of the binding energies of the X-nuclei listed in Table I .
There are two noteworthy cases, n(X,γ)n X and p(X,γ)p X . In the n plus neutral X 0 system, the electric multipole transitions do not occur because of charge neutrality. The magnetic dipole transition also disappears by the orthogonality condition between the scatteringand bound-s-wave states. Although only the magnetic quadrupole or higher multipole transitions are allowed, they are hindered by more than a factor of ∼ 10 6 compared with allowed electric dipole transition for a photon energy of a few MeV. In the n plus charged X ± system, the electric multipole transitions are allowed, but their transition probabilities disappear in the limit of a very massive X particle (m ≫ 1 GeV). This is because λ-multipole moment is proportional to m −λ . The electric dipole transition rate, then, is very small for the reaction n(X,γ)n X . Hence, we set the n(X,γ)n X rate to zero.
The nuclear potential for protons adopted in this study (Sec. II B) leads to only one bound L = 0 state with a binding energy of −9.2 MeV. Nuclei heavier than the nucleon can bind to the X particles in L = 1 excited states. In the system of p plus X, states exist with spin and parities of J π = 1/2 + (p) and 0 + (X), thus leading to a bound state with 1/2 + . There is then no possibility for an electric dipole transition, i.e., spin change ∆L = 1 and a parity change from a s-wave relative orbital angular momentum between a p and an X. The electric dipole transition to the bound state from a p-wave between the p and X is thus the dominant channel for the radiative capture reaction of a proton by an X particle. The rate of the p(X,γ)p X reaction has been estimated using the code RADCAP published by Bertulani [37] adopting the potential between a proton and an X particle as given in Sec. II B.
Nonresonant Neutron Capture Reactions of X-Nuclei
We include reactions between neutrons and X-nuclei in the reaction network. We adopt known reaction rates for normal nuclei whenever possible. When the corresponding reaction rates are not available, rates of reactions for neighboring nuclei are adopted. For neutron capture reactions at low energies, the s-wave interactions would dominate and the cross sections are proportional to the square of the de Broglie wavelength λ =h/(µv). We correct for the reduced mass and obtain neutron-induced reaction rates σv AX +n given by
where σv A+n is the neutron-capture reaction rate for the normal nucleus. A and A X are the reduced masses for normal nuclei plus a neutron, and an X-nucleus plus a neutron, respectively, in atomic mass units.
In the case of radiative neutron capture, i.e., A X (n,γ)B X , the electric dipole moment is very small similar to the n(X,γ)n X reaction. Hence, the higher electric quadrupole or magnetic dipole transitions contribute to the cross sections which are hindered by a factor of 
63.15
a For nucleus i with mass number A i , the reverse coefficient is defined as in [36] . They are given by 0.9867A
for the process i(X,γ)i X on the assumption that the X particle is much heavier than a nucleus.
b Approximate values calculated with a code RADCAP [37] at temperatures T 9 ∼ 2 − 6.
c Taken from Ref. [38] .
∼ 10 3 for emitted photon energies of order ∼ 10MeV. We adopt corresponding reaction rates for normal nuclei multiplied by 10 −3 to account for this hindrance of radiative capture cross sections. Especially, the rate of the 1 H X (n,γ) 2 H X reaction becomes negligibly small compared with that of the 1 H X (n,p)n X reaction (see Table III), which predominantly processes 1 H X .
Nonresonant Reactions Between Charged Particles
The leading term in the expression for thermonuclear reaction rates (TRR) σv between charged particles can be roughly written (e.g., [39] ) as
where
keV is the energy at the peak of the Gamow window, M u is the atomic mass unit, S(E 0 ) is the "astrophysical S-factor" at E 0 , k B is the Boltzmann constant, T 6 is the temperature in units of 10 6 K, and
The astrophysical S factor contains the nuclear matrix element for the reaction. We assume that the S(E 0 ) values for reactions involving X-nuclei are the same as those for the reactions of the corresponding normal nuclei [22, 40, 41] . When the corresponding S factors are not available, S factors of reactions for neighboring nuclei are adopted. Corrections for the TRR in the above equation arise from the reduced mass A. z 1 and Z 2 are the atomic numbers for the projectile normal nucleus and the target X-nucleus, respectively. Note, that we have taken the spin of the X particles to be zero in this study.
Rates for two reactions, p X (p,γ)pp X and n X (p,γ) 2 H X , are calculated with the code RADCAP [37] . The adopted nuclear potential is that of the d plus X system (Sec. II B) for both reactions. The adopted reaction rates N A σv NR , thus obtained, are shown in Table III for radiative reactions, Table IV is for nonradiative reactions independent of the deuteron and Table V is for deuteron capture nonradiative reactions.
Rates for Reactions with Negative Q-Values
We find that there are several reactions whose Qvalues become negative when nuclei are bound to X particles. We neglect most of those reactions except for the 3 H X (p,n)
3 He X , 4 He X (t,n) 6 Li X and 4 He X ( 3 He,p) 6 Li X reactions. However neglected reactions might be important and should eventually be included in our calculation. The rates of these three reactions are given by the Hauser-Feshbach approximation as follows. For a compound-nucleus reaction
where C is the compound nucleus, the cross section is given by the product of the probability of formation of the compound nucleus from 1+2, and that of its decay into the 3+4 particle channel, i.e. a For nuclides a = i, j, k, ... with mass numbers Aa and numbers of magnetic substates ga, the reverse coefficients are defined as in [36] : on the assumption that an X particle is much heavier than nuclides, they are given by 0.9867(g i g j /g k )A 3/2 j for the process i X (j,γ)k X . b The approximate vales calculated with a code RADCAP [37] at temperatures T 9 ∼ 2 − 6.
c The rate of the reaction 6 Li(n,γ) 7 Li multiplied by 10 −3 is used. d The S-factor for the reaction 6 Li(p,γ) 7 Be is used. e The S-factor for the reaction 3 He(α,γ) 7 Be is used. f The S-factor for the reaction 7 Li(p,γ) 8 Be is used. g The rate of the reaction 7 Li(n,γ) 8 Li multiplied by 10 −3 is used. h The S-factor for the reaction 7 Be(p,γ) 8 B is used. i The cross section from [38] multiplied by 10 −3 is used. j The S-factor for the reaction 9 Be(p,γ) 10 B is used. a For nuclides a = i, j, k, ... with mass numbers Aa and numbers of magnetic substates ga, the reverse coefficients are defined as in [36] : on the assumption that an X particle is much heavier than nuclides, they are given by 0.9867
for the process i X (j,γ)k X . g The rate of the reaction 7 Li(n,γ) 8 Li multiplied by 10 −3 is used. k The cross section from [38] multiplied by 10 −3 is used. l The S-factor for the reaction 10 B(p,γ) 11 C is used. m The rate of the reaction 7 Li(n,γ) 8 Li multiplied by 10 −3 is used. n The rate of the reaction 10 B(n,γ) 11 B multiplied by 10 −3 is used.
where I i is the spin of the nucleus i, and λ 12 is the de Broglie wavelength of the entrance channel (e.g., Eq. (3.9.26) in Ref. [39] ) satisfying
The factor (1 + δ ij ) doubles the cross section for indistinguishable particles. The matrix elements in angle brackets have information on the nuclear factors (and the Coulomb barrier penetration probabilities if they are reactions between charged particles). The barrier penetration probability for s-waves in the low energy limit is given (e.g., Eq. (3.10.10) in Ref. [39] ) by
where z i e and Z j e are the charges of nuclei i and j X , respectively, A ij,X is the reduced mass, E ij and E ij,keV denotes the center of mass energy, where units of keV are indicated where used. v ij is the relative velocity of the projectile target system of i and j X .
j ) fm is the contact nuclear radius, i.e. the separation between the centers of particle i and j X when the attractive nuclear force overcomes the Coulomb barrier. Here A i and A j are the masses of nuclides i and j in atomic mass units. R ij,fm is the R ij value in units of fm. E C = 1.44 z i Z j /R ij,fm MeV is the height of the Coulomb barrier. The penetration probabilities are contained in the matrix elements. Defining partial widths Γ a and Γ b of the compound nucleus for decays into entrance and exit channels, respectively, the cross section for the reaction Eq. (10) has a scaling relation of a For nuclides a = i, j, k, ... with mass numbers Aa and numbers of magnetic substates ga, the reverse coefficients are defined as in [36] : on the assumption that an X particle is much heavier than nuclides, they are given by (g i g j /(g k g l ))(A j /A k ) 3/2 for the process i X (j,k)l X .
b The rate of the reaction 7 Be(n,p) 7 Li is used. c The S-factor for the reaction 8 B(d,p) 11 C is used. d The S-factor for the reaction 8 Li(p,nα) 4 He is used. e The S-factor for the reaction 7 Li(p,α) 4 He is used. f The rate of the reaction 8 B(n,pα) 4 He is used. g The rate of the reaction 10 Be(n,α) 7 Li is used. h The S-factor for the reaction 12 B(p,α) 9 Be is used. i The rate of the reaction 11 C(n,2α) 4 He is used. j The rate of the reaction 11 C(n,p) 11 B is used. k The rate of the reaction 10 B(n,α) 7 Li is used. The partial width for the particle decay channel can be written [42] as
where θ 2 is the dimensionless reduced width, i.e., a measure of the degree to which the compound nuclear state can be described by the relative motion of i and j in a potential. For reactions of X-nuclei, we assume that the nuclear radius R and the reduced width θ 2 are the same as those for the corresponding normal reactions. The cross section, therefore, scales according to:
We use this scaling relation and adopt coefficients in Eq. (16) from the standard nuclear reactions assuming that the coefficients contain the information of the purely nuclear part and that other parts including Coulomb penetration factors related to corrected reaction Q-values can be extracted as in Eq. (16) . The dimensionless reduced width θ 2 is also related to the spectroscopic factor for a direct reaction [39] . The distinction between a compound-nucleus and a direct reactions can be obscure as low-energy direct reactions can result from many overlapping resonances.
For the reaction 3 H X (p,n) 3 He X , we adopt the nonresonant rate of the normal reaction 3 He(n,p) 3 H, i.e., N A σv SBBN = 7.21 × 10 8 cm 3 s −1 mole −1 [21] . The penetration factor for the exit channel for 3 He(n,p) 3 H is assumed to be P p = 1 because of the high Q-value (Q > E C ). Eq. (16) leads to the following S-factor for the 3 H X (p,n) 3 He X reaction
where η ≡ z 1 Z 2 e 2 /(hv). For the reaction 4 He X (t,n) 6 Li X , we adopt the nonresonant rate of the 6 Li(n,α) 3 H reaction, i.e., N A σv SBBN = 1.68 × 10 8 cm 3 s −1 mole −1 [21] . The penetration factor of the exit channel for 6 Li(n,α) 3 H is also assumed to be P α = 1 because of the high Q-value (Q > E C ). Similarly, the S-factor of the 4 He X (t,n) 6 Li X reaction is derived from Eq. (16) to be S4 HeX +t = 11 MeV barn.
For the 4 He X ( 3 He,p) 6 Li X reaction we adopt the nonresonant part of the S-factor from the 6 Li(p,α) 3 He cross section, i.e., S SBBN = 3.14 MeV barn [21] . The penetration factors of the exit channel for the 6 Li(n,α) 3 H and 4 He X ( 3 He,p) 6 Li X reactions are assumed to be P α = 1 and P p = 1 because of the high Q-values (Q > E C ). The S-factor for the 4 Since neutron radiative X capture reactions would be relatively weak, the most important reaction for neutrons to become bound to X particles is p X (n,p)n X . In this reaction, an X particle transfers from a proton to a neutron. For this reaction, we use the rate for the 7 Be(n,p) 7 Li reaction, which is similar to the p X (n,p)n X in the sense that both 6 Li and X are massive and strongly interacting spectator particles so that their reactions have similar dynamics.
If p X were to survive beyond the epoch of 4 He production in the standard BBN, i.e., to temperatures T 9 < ∼ 0.1 (although this is found not to be the case in the present network calculation,) then 4 He could become bound to an X particle via the reaction p X (α,p)
4 He X . This kind of exchange reaction plays an important role in the catalyzed BBN scenario with only electromagnetically interacting X − particles [43] . For the rates of this reaction, we use the 8 B(α,p) 11 C reaction since 7 Be and X are massive and strongly interacting spectators in the reactions. Furthermore the cross section is corrected for Coulomb penetration factors using Eq. (16) . The following relation is then derived,
Based upon the S-factor for the 8 B(α,p) 11 C reaction, (S SBBN = 8.88 × 10
4 MeV barn,) we obtain S pX +α = 45 MeV barn.
β-Decay of X-Nuclei
When Q-values are larger than the electron mass in β-decay reactions, decay rates Γ scale as the fifth power of the Q-values, i.e., Γ ∝ Q 5 . To estimate the β-decay rates for X-nuclei, we use β-decay rates Γ of corresponding normal nuclei corrected for the phase-space factors, i.e.,
where T 1/2 is the half life of the normal nuclide, Q X and Q are the Q-values for the β-decay of the X-and normal nuclide, respectively. We show the adopted β-decay rates in Table VI . The 6 He(β − ) 6 Li reaction rate is used to estimate the 6 Be X (β + ) 6 Li X reaction. We neglect the reactions
Be X , and in the X + case, p X (β + )n X since the Q-values for these reactions are relatively small and their lifetimes would not be short compared to the BBN timescale.
When the Q-value is < ∼ 1 MeV, atoms can decay predominantly by electron capture [39] . However, the electron capture can be neglected since we are considering only the high energy epoch of the early universe when the nuclei and X-nuclei are fully ionized. 
D. Reaction Network
The reaction network for bound X-nuclei is shown in Fig. 1 . Solid arrows show nuclear reactions in the direction of positive Q-value while dashed arrows indicate β ± decays. The network code includes reactions up to oxygen isotopes. However, we did not find significant nuclear flow beyond the nitrogen isotopes. Hence, this network code is more than large enough to calculate the evolution of the nuclear abundances. The adopted nuclear reaction rates are summarized in Tables III, IV, V and VI. In our code, radiative X-capture reactions are also included although they are not explicitly shown on Fig. 1 .
III. RESULTS
A. BBN Calculation Result
Figures 2a and 2b show results of a BBN calculation for the case Y X ≡ N X /n b = 10 −8 , where N X and n b are the number densities of the X 0 particles and baryons, respectively. The time evolution of the abundances of normal nuclei and X-nuclei are displayed in Figs. 2a and  2b .
At high temperatures 100 > ∼ T 9 > ∼ 10, neutrons and protons are the main constituents of baryonic matter in the universe since photonuclear reactions dissociate bound nuclei at these temperatures. However, as the temperature decreases, bound nuclei can form. At T 9 ∼ 5 (T ∼ 0.4 MeV, t ∼ 4 s) X 0 particles capture nucleons so that the X 0 abundance suddenly decreases (Fig. 2b) . The X 0 particles first predominantly capture protons to form 1 H X . This is because only protons and neutrons exist in significant amounts during that epoch. Also, neutron capture reactions are hindered as explained in Sec. II C 1. The 1 H X nuclei then interact strongly with background neutrons through the photonless 1 H X (n,p)n X transfer reaction so that n X is also produced. These n X nuclei then capture protons to form 2 H X . As heavier X-nuclei are transformed into other nuclei with decreased proton number through (n,p) reactions, they lead to the formation of heavier X-nuclei via the reaction pathways shown in Fig. 1 . High energy nuclear reactions produce abundant 2 H X and slowly increasing abundances of 3 He X , 4 He X and 5 He X (Fig. 2b ). The production of 2 H X via the pp X (n,p) 2 H X reaction is also operative. The X-nuclei increase their nucleon number gradually until the temperature decreases to T 9 ∼ 1 (T ∼ 0.1 MeV, t ∼ 170 s). Then at T 9 ∼ 1, a drastic increase in the nucleosynthesis of X-nuclei occurs.
Nuclear reactions at low temperature are important in determining the final elemental abundances for normal nuclides. Reactions at relatively low temperatures, however, are hindered by the Coulomb barriers. Nuclides with small atomic numbers, therefore, are more easily processed at low temperature. In addition, reactions triggered by abundant nuclides play important roles in nucleosynthesis since the reaction rates are proportional to the abundances of the reactant nuclei.
In BBN, the abundance of deuterium is very high at T 9 ∼ 1 (Fig. 2a) . Reactions of X-nuclei triggered by deuterons are, therefore, efficient at this epoch both because deuterium is very abundant and because its charge is low. The most important point is that strong photonless nuclear reactions to increase mass numbers exist, i.e., (d,n) and (d,p) reactions. These reactions help Xnuclei to capture more nucleons and become more deeply bound. In this way, X-nuclei are processed at T 9 ∼ 1 and heavy X-nuclei up to 13 C X are produced in individual abundances of 10 −14 < ∼ A X /H < ∼ 10 −8 (Fig. 2b) .
This model of BBN with the strongly interacting X 0 particles changes an important aspect in SBBN which is that the nuclides 5 He and 5 Li are unstable to the particle decay so that they limit the production of heavier nuclei. However, if they are stabilized against particle emission by binding with an X 0 , then (d,n) and (d,p) reactions subsequently link 4 He X with 5 A X , 5 A X with 6 B X , and so on. Light element production is thus catalyzed by X 0 particles.
Yields of light nuclides from lithium to carbon are significant in this model. The reactions contributing to the production and destruction of light nuclides are summarized in Table VII. The last column in the table shows the resulting yields for the case of Y X = 10 −8 and a long lifetime compared to the duration of nucleosynthesis; τ X >> 10 4 sec. Nuclides of mass numbers up to 10 are produced in abundances larger than A/H= 10 −11 .
The production of nuclides with A > 10 is not significant through the (d,n) and (d,p) reactions. Small amounts of 12 C X and 13 C X are produced, however, via the (α,n) and (α,p) reactions. The 6 Li X production reaction in this paradigm is 5 He X (d,n) 6 Li X while that of 6 Li in SBBN is the 4 He(d,γ) 6 Li reaction. This latter cross section is very small due to the associated hindered transition rate through an electric quadrupole transition. The 7 Be X production reaction is 6 Li X (p,γ) 7 Be X while that of 7 Be in SBBN is 4 He( 3 He,γ) 7 Be whose rate is smaller than the former reaction because of the smaller abundance of the target nuclide and the larger Coulomb barrier. The X-nuclides 9 Be X , 10 B X and 11 B X are produced through (d,n) and (d,p) reactions, while the nuclides 9 Be, 10 B and 11 B in the present Galaxy are thought to be produced mainly through nuclear spallation processes of heavier CNO isotopes in the Galactic interstellar medium [49, 50, 51] or via the ν-process in supernova to produce 11 B [52, 53] except for non-standard baryon- inhomogeneous BBN [54] . An interesting point regarding boron production in BBN with X 0 particles is that the production of 10 B X is preferred over that of 11 B X . This would imply more abundant 10 B than 11 B after X 0 decay. There are no processes that predict preferential production of 10 B in standard processes to synthesize boron isotopes. Galactic cosmic ray spallation nucleosynthesis predicts a ratio of 11 B/ 10 B∼ 2.5 (e.g., [49, 50, 51] ). Supernova nucleosynthesis in massive stars produces large amounts of 11 B relative to 10 B through neutrino interactions 12 C(ν,ν ′ n) 11 C and 12 C(ν,ν ′ p) 11 B in the carbon layers and 7 Li(α,γ) 11 B and 7 Be(α,γ) 11 C in the helium layers [52, 53] . We note some important differences between BBN with strongly interacting X 0 particles and BBN with negatively charged leptonic X − particles that only interact electromagnetically, i.e. no strong interaction. First, the formation epoch of X-nuclei in the X 0 case begins at T 9 ∼ 5 which is much earlier than in the X − case which begins for T 9 < ∼ 0.5 [25] . This derives from the fact that the binding energies of nuclides and X 0 particles are of the order of ∼ 10 MeV which is much larger than the electromagnetic binding of nuclides with X − particles (∼ 1 MeV). X-nuclei produced in such a high energy environment have a better chance to be processed so that many species of X-nuclei are produced in considerable abundance. In the X − case, on the other hand, the temperature of the universe is already so low that when, the X-nuclei finally form, they can hardly be processed through subsequent nuclear reactions except for the special cases of the resonant 7 Be X (p,γ) 8 B X reaction [55] and the X − -catalyzed transfer reaction 4 He X (d,X − ) 6 Li [56] . As a result, nuclides heavier than the beryllium isotopes are not produced in significant amounts in that paradigm.
This result for the time evolution of the X-nuclei abundances was not predicted precisely in the analytic estimation of previous studies [19, 20] . Dicus and Teplitz [19] deduced that the stable hadrons would be preferentially locked into beryllium. Our result, however, shows that many light elements including beryllium are produced abundantly and beryllium is not particularly more abundant than other nuclides. In the study of [19] , the strong photonless reactions (d,n) and (d,p) were not included. This is the reason for the large difference between that work and our present results for BBN.
In the present work we have shown that most of the X 0 particles end up in X-nuclei after BBN in contrast to the estimation in [20] . We note, however, that the X capture reaction rates adopted in the present study are only approximate and should be calculated more precisely in a more thorough quantum mechanical treatment in the future. We have shown that strongly interacting X 0 particles undergo efficient X capture by protons at T 9 ∼ 5. This leads to the subsequent production of 2 H X , 3 He X , 4 He X , and so on. This does not occur through normal nuclei like 2 H, 3 He and 4 He, but through X-nuclei from 1 H X . This reaction flow was not considered in [20] . Although our result includes some uncertainty in the binding energies and nuclear reaction rates of X-nuclei [originating from our assumption of the interaction strength], we nevertheless expect that the X 0 particles will end up in X-nuclei after BBN as long as the interaction strength is very large compared to electromagnetic strength.
The calculated BBN abundances of light nuclides depend strongly on the X 0 abundance, Y X . As an example, a series of BBN calculations was carried out varying Y X as a parameter with no change in the assumption of large τ X . Although the decay lifetime of X 0 is assumed to be much longer than the time scale of BBN > ∼ 10 4 s, the X 0 particles are assumed to have been long extinct by now. The final abundances of stable nuclides are obtained by removing the X 0 from the X-nuclei, A X , and allowing A to decay to a stable nucleus. The interaction of the decay products with the remaining A spectator nucleus, and the nonthermal nucleosynthesis triggered by high energy decay products are neglected here. Such effects, however, should be studied in the future. Figure 3 shows the calculated abundance ratios of 6 Li X abundances per X-particle are independent of Y X . As is shown in Fig. 2 , the additional 6 Li is produced mainly from 6 Li X while the additional 7 Li is from 7 Be X . Comparing this with the case of BBN with a negatively charged leptonic X − particle [25] , we find that both cases prefer the production of 6 Li to that of 7 Li. The difference between the two cases is the relative efficiency of X-catalyzed nucleosynthesis. The efficiency of 6 Li production in the X 0 case is ∼ 10 4 times larger than in the X − case when the abundance of the X particle (i.e. Y X ) is taken to be the same.
In order to check if there is a possibility to solve the 6 Li and 7 Li problems in the present X 0 -catalyzed BBN model, a parameter search was performed over the decay lifetime τ X and the abundance Y X of the X 0 particle. As described below, constraints on the (τ X , Y X ) parameter space were derived from observational limits on the primordial light element abundances. We could not find a parameter region which simultaneously resolves the two lithium problems.
We have investigated the effects on BBN of a hypothetical long-lived strongly interacting massive particle (SIMP) X 0 . The strength of the interaction between the X 0 particle and normal nuclei is assumed to be similar to that between normal nuclei. Under this assumption, binding energies of X particles to nuclei have been estimated from the Shrödinger equation with a nuclear and Coulomb potential. Using these binding energies, the reaction Q-values for many nuclear reactions involving nuclei bound to X (X-nuclei) were calculated. Reaction rates for X capture by nuclei, and the nuclear reaction rates of X-nuclei were estimated using information from existing reaction rates of normal nuclei. We calculated the light element nucleosynthesis simultaneously taking into account X capture by nuclides and the nuclear re-actions of X-nuclei along with the standard nuclear reactions. The conclusions are as follows.
First, some X-nuclides like 5 He X , 5 Li X and 8 Be X are stabilized against particle decay since the binding energies of nuclei and X particles are very large ∼ O (10 MeV) and the total binding energies of X-nuclei (i.e. the binding energies of nuclei from separate nucleons plus the binding energies of X-nuclei from separate X particles and nuclei) change significantly from those of normal nuclei. Accordingly, there are several reactions whose Q-values become negative when nuclides are bound to X particles.
Secondly, at T 9 ∼ 5, the X 0 particles capture nucleons so that the free X 0 abundance decreases suddenly. Then high energy nuclear reactions produce abundant 2 H X . The X-nuclei then increase their nucleon number gradually until the temperature decreases to T 9 ∼ 1. When the abundance of deuterium becomes high at T 9 ∼ 1, strong photonless nuclear reactions [i.e. (d,n) and (d,p)] produce heavier X-nuclei up to 13 C X . Thirdly, from a comparison between BBN with X 0 particles and BBN with negatively charged leptonic X − particles, we find that the bound state of X-nuclei forms earlier in the X 0 case (T 9 ∼ 5) than in the X − case (T 9 < ∼ 0.5). This is due to the larger binding energies of nuclei and X 0 particles. Since X-nuclei are produced in a high energy environment, they can be processed to heavier X-nuclei which are produced in considerable amounts.
Fourthly, we do not find a solution to the 6 Li or 7 Li problem in this BBN model with the X 0 particles. There is a possibility that 6 Li is produced in an abundance even more than that observed in MPHSs. However, the coproduced abundances of heavier beryllium and boron nuclides constrain this possibility.
Fifthly, constraints on the lifetime and abundance of the X 0 particle are derived. The following constraints on the abundance: Y X < 10 −8 − 10 −2 (for 30 s < τ X < 200 − 300 s), Y X < 10 −8 − 10 −11 (for 200 − 300 s < τ X < 2 × 10 3 s) and Y X < 10 −11 − 10 −12.6 (for 2×10 3 s < τ X ≪ 4 × 10 17 s) have been deduced based upon the observational constraints on primordial light element abundances. These constraints reject models with longlived (τ X > ∼ 200 s) colored particles based upon their relic abundance, i.e., Y X ∼ 10 −8 .
Although we made an assumption about the interaction strength of the X 0 particle, the magnitude of the effect of long-lived SIMPs on BBN would not change by more than a few orders of magnitude from the result of this study unless the interaction strength is much smaller. We also expect that the result would not change by many orders even if a SIMP has a charge of ±e. This is because the nucleosynthesis of X-nuclei occurs very early in the universe when the nuclear reactions are not significantly hindered by the Coulomb barriers. More realistic estimates of the reaction rates utilizing a quantum mechanical treatment would be necessary to more precisely study the effect of X 0 particles on BBN. Moreover, the direct interactions of decay products with the remaining nuclei A in the decay of X 0 in an X-nucleus A X should be studied in the future in order to better estimate final abundances of the light elements after the X 0 decay. Nevertheless, the calculated light element abundances in this study should not change by more than an order of magnitude from the effects of the decay of X 0 considering the fact that the cross section for the elastic scattering of pions by 12 C is roughly one half of the total cross section so that half of the 12 C nuclei are left intact even when effects of the hadronic decay are included [73] .
